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THE MECHANTSM OF CATALYTIC DEHYDROCYCLIZATION OF PARAFFIN HYDROCARBONS

H. Ya. Kagan, L. A. Erivanskaya, I. V. Trofimove,
Inst of Fine Chem Tech
imeni M. V. Lomonosov

Fifteen years ago, USSR scientists (1) discovered the catalytic dehydro-
eyclization reaction of paraffin hydrocarbons, in which aromatic hydrocarbons
are formed. For example, benzene is formed from hexane as the result of the
formation of a six-member ring and subsequent dehydrogenation, viz:

CH3~GHp~CHy~ClHp-CHy~CHz = @+ b By

while toluene is obtained from heptane, stc. The dehydrocyclization reaction
has been subjected to detailled investigation by USSR and foreign scientists,
and as a result of these investigations, the aromatization of paraffin hydru-
carbons has found.application on an industrisl scale.

The mechanism of processes involved in catalytic dehydrocyclization has
not yet been clarified completely.

The opinions of B. A. Kazanskiy and A. F. Plate on the mechanism of dehy-
drocyclizetion are stated in a number of articles and in A. F. Plate's book.
According td these ideas (2), based on the multiplet theory of catalysis, group-
ings of six atoms in regular hexagons consisting both of metal atoms and oxygen
atoms exist on the surface of a catalyst which consists of sesquioxides, such
as chromium, aluminum, or vanadium oxides. The symmetry of these sextets cor-
responds to the symmetry of the six-membered benzene ring. On platinum (3)
there is alsc sextet adsorption of hydrocarbons (in plane 111) which permits
superimposition of' the hydrocarbons in the form of hexagous (on the role of
the sextet of metal atoms ir the reaction of opening the five~member ring on
platinum catalysts, ¢f. the report by B. A. Kazanskiy).(4) When the straight-
chain paraffin kydrovarbun is on the surface of the cataly:t, the sextet of
atoms vn the surface acts on the hydrocsrbon molecule in such a way that the
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carbon atom of this molecule will be oriented, under the influence of the atoms
of the catalyst, symmetrically to the surface in the form of a flat adsorbed
hexagon capable of forming a ring vhich is similar to cyclohexane and its derive-~
tives. It seems  to us that this hypothesis has no real physical foundation.

E. Herington and B. X. Rideal (5) start out from another idea. They sug-
gest that the first act in the chain of processes of dehydrocyclization is the
simultaneous splitting off of pairs of hydrogen atoms from the paraffin hydro-
carbon molecules and the formation from it of an olefin, for instance formation
of hexene from hexane. The hexene molecule , adsorbed at the point of the double
bond and bound to two atoms of the catalyst, cen form a ring only if it is ori-
ented 3in such a manner that chemosorption takes place at the points Cy-tp or
C5-Cg a8 result of the migration of the double bond.

L
6.~ 3 K = catalyst
2
K K

The assumption that the first act of the cyclization reaction of paraffin
is the dehydrogenation of the molecule into an olefin has no sound basis. Never-
theless, the idea that olefins plav an.essential part in the process may be
Justified by the fact that their ¢yclization 15 much easier to carry out than
that of paraffins.

Actually, on an active chromium-aluminum catalyst prepared by a special
method, we obtained the results cited in the appended table.

In the intervais between the experiments > the catalyst was regenerated by
Dassing air over it to burn out the polymers which had deposited. The higher
the reaction temperature and the more olefins are contained in the original
mixture, the greater is the quantity of polymers that form and are deposited.

The appended table shows that the conversion of heptane into aromatic
nydrocarbon on one contact with the catalyst amounts to 31.2 mol percent.
Starting with pure heptene, we obtained, under exactly the same conditions ;8
conversion intc aromatics amounting to 52.5 percent, despite the fect that
part of theheptenewas turned intc resin., Mixturss of the heptane and heptene gave
yields somewnere between the above figures.

On analyzing the possible mechanism of cycl.zation and using experimental
data on isotope exchange of hydrogen in paraffin and olefin aydrocarbons as a
basis, we arrived at the following viewpoint.

Chemosorption of paraffin and Tormation of adsorption radicals are indis=
pensable for cyclization of paraffin hydrocarbons into six-member rings. The
adsorbed hydrocarbon radicsls are attached to the catalyst by a single bond
C-K (K is the catalyst) and turned into space at different angles. Recause
of the limited capacity for rotation around the C-C bond, a change of the con-
figuration of the hydrocarbon radical can take place, giving it various orien-
tations in space. It may occur that the sixth carbon atom from the fived
carbon atom will be at such a distance from the surface of Lthe catalyst that
chemical interaction with the surface can take place. A geometricallv correct
controlling sextet of catalyst atoms is not required. The speed of cyeclization
will Jepend on the number of favorable orientations of the adsorbed radicals.

The adsorbed radical, fixed to the catalyst at the point Cy-K, can undergo
not only eyclization, but can, at the same time , be dehydrogenated to an olefin

as a result of a contact established between the neighboring carbon atom C2 and
the catalyst.
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The process of transformation of the adsorbed radical into an adsorbed
olefin can take place quickly and easily, and the reverse process can be just
as fast. In the long run, these two processes will favor an increase in the
nunber of orientations which are helpful to cyclization. The attendant proc-
ess of dehydrogenation into olefin, or the introduction of ready-made oletrian
into the system, are of great importance in this conversion.

We propose the following scheme for the dehydrocyclization of n-hexane:
Paraffin hydrocarbon:

CHB'CH.?'CHE'CHE'CHE'CBE} . Dehydrogenation without eyclizatior
6 5 & 3 2 1 K-E H-K
Iyt 11 H-X
III
033-032-052-0H2-032452-K e CH3'CH2-GH2-CH2-‘:I;H'CH2
v
6 5 b 3 2 1 vl K K

CH3~CHy~CHy~CHp-CE=CH~ 4 Hp
Olefin hydrocarton

CHpX (x)

Cyclization under dehydrogenation

K = Catalyst
+H AR = Adsorbed Radical

438,

Aromatic hydrocarbon

An essential condition of cyclization is the process of formation of the
adsorption radical AR. The driterion fer the formation of radicals of varfous
types, in particular AR, is the comparatively quick exchange of D and H atoms
in the paraffin hydrocarbon molecule. On chrome-aluminum catalyst, heat~{-eated
at 500°C, we could measure the rate of exchange between hydrogen and deuterium
already at 300°C and with a contact time of 7 sec. Below that temperature and
contact time, the rate of exchange is insignificant.
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As the result of the formation of an adsorption radical, chemosorption of
AR with the adjacent atom Co (cf. scheme) and dehydrogenation quickly take
Place, limited by the equilibrium condition of the reaction CeHyg = CTHl +
Hp. The reverse process IV again leads to the formation of an adsorbed raﬁica.l
from the chemosorbed olefin and hydrogen:

R ~CH-CHp» +H_+ R ~CHy - CHQ
| < K
K K K

The greater speed of processes III and IV as compared to process I guaran-
tees formastion per unit of time of a large number of radical orientations favor-
ing cyclization. These radicals are connect=d to the catalyst by or- C-K bond.
Cyclization of the AR is possible even in the absence of olefines but as the
number of favorable orientations is insufficient, it will take place on a smaller
scale. The limit of the favorable orientetion leading to the fixing of the
sixth carbon atom Cg on the surface is indicated in the scheme by (x).

The speed of the exchange of H for D in the olesin moleculs may serve as
an indiecator for the ease with which reaction IV will proceed. According to
our findings, exchange of H for D ir olefin proceeds easily on hest-treated
chrome-aluminum catalyst below 200°C. The ratio of the velocities of isotope
exchange reactions in olefins and paraffins may serve as an indirect criterion
for the increase in the number of favorable configurations of adsorption radi-
cals which facilitate cyelization.

For estimating the probable ratio of yields of aromatics from various
paraffin hydrocarbons, the procedure of Herington and Rideal (5) may be used,
but it is necessary to start with the assumption of cyclization of a radical
adsorbed at one carbon atom. The probability of the formation of six-member
rings should be related not to the number of C-C bonds in the molecule of the
original hydrocarbon, as is done by the two above authors, but to the number
of carbor atoms.

Aromatization of Pentane- Pentene Mixtures

Temp 4B4OC, Catalyst Crn0z ~ Kn0 - 0, (Vol 10 m1)
203 - 3
Yield in mol % Obtained

Initial Mixture Yield of From the Mixture Passed
‘mol Mixture Pasgeq  Liguid Products hrough:

Coll c Through Catalyst Weight N20

716 _Tili im_l_/_h_r_) % 8 Olefins Aromatics Paraffins
100.0 0.0 k,15 88 1.4215 12.3 37.2 18.0
90.7 9.3 3.60 36 1.4290 13.3 36.6 34.8
76.9 23.1 3.98 T 1.4255  1h.y 3.3 32.7
64.6  35.4 3.85 TT  1.k338  13.1 370 30.6
ha.s 575 3.92 77 1.4388  15.3 42.8 22.2
13.5 86.5 k.o 73 1..k78 17.4 46.8 12.0
13.5 86.5 3.90 73 1.hk65  13.2 LT1.5 1.9

0.0  100.0 4,03 70  Ll.A566  18.8 52.5 L.2
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